INTRODUCTION
In the energy metabolism of procaryotes, as well as of other cells, chemiosmotic phenomena are of central importance. As postulated by 144) , an electrochemical gradient of protons is built at the expense of chemical or light energy by one of the proton pumps present in the bacterial membrane, e.g., respiratory chains, H+-translocating adenosine triphosphatase (ATl Pase). photosynthetic reaction centers, or bacteriorhodopsin. The electrochemical proton gradient can then be used by the cell to drive energy-consuming processes, such as solute uptake, flagellar motion, or the synthesis of adenosine triphosphate (ATP) from adenosine diphosphate (ADP) and inorganic phosphate. Exergonic and endergonic reactions are thus coupled via the circulation of protons across the membrane. Table 1 summarizes the energy conversion mechanisms that have been recognized in bacterial membranes. Although H ' is the central coupling ion in bacterial energy metabolism, it is not the only one. For example, (i) halorhodopsin functions as an electrogenic chloride pump in Halobactetr-iiai lialobjiini (171) . (ii) Evidence for ATP-driven Na+ and K+ transport has been obtained, e.g., in Streptococcias fJaecalis (77, 89) , Propionigenium inodlestiuon (83) , and Esciherichia(coli (54, 55, 214) . (iii) We have detected the Na'-pumping oxaloacetate decarboxylase of Klebsie/lla Pln(eI noiiiae (38, 39, 41, 45, 46) and Salmonella tvplhimuriumn (45) and methylmalonyl-coenzyme A (CoA) decarboxylase of Veil- lone/ll/a a1(cI/aSCees (79) (80) (81) (82) and P. mlondestimtn (83) that pcr- form Na+ extrusion at the expense of the free energy of decarboxylation reactions. Related Na t -pUnmpin-decarboxylases are the glutaconyl-CoA decarboxylases of AcidamiflOC'OC'(Ul' teSiile tis, Pep tostrepto(cOc(cls asacc/Iaro/Yticus, and Clostriilidiami svmbiosum (20. 24, 25) . (iv) As shown by Tokuda and Unemoto (200, 201) , the marine alkalitolerant bacterium Vibrio a(/giuo/vCtiINs uses respiration-derived energy to drive an electrogenic extrusion of Na+ at alkaline pH. Next to H-, Na`is the most important cation that by circulcating over the bacterial membrane connects endergonic and exergonic processes. In this article I review recent developments of our own and other laboratories on Na+-coupled bioenergetics in bacteria. For previous reviews on this topic, see references 41, 45. 119, 179, and 180. Like other living cells, baLcterlia tend to establish gradients of Na+ and K-ions between their cytoplasm and the surrounding medium such that the K+ concentration of the cytoplasm is greater thain, and the Na+ concentration is less than, that ot the environment (72) . Whereas the high K+ gradients appear to be essential, Na+ gradients seem to be important only in special organisms or under-special growth conditions. Neutrophilic bacteria living in tresh water do not generally require Na ions for growth beyond the residual SODIUM ION TRANSPORT DECARBOXYIASES 321 (83) . The export of Na' from the cytoplasm against the concentration gradient is accomplished by either an Na+/H+ antiporter (111) driven by the electrochemical Ht gradient or an Na+ pump driven by decarboxylation (24, 38, 79) , ATP hydrolysis (9, 10, 76-78. 105), or reduced nicotinamide adenine dinucleotide (NADH) oxidation (201, 202) . Thus, in a number of bacteria, endergonic and exergonic membrane reactions are linked by the cycling of Na+ ions. Such systems are summarized in Fig. 1 and are described in more detail below.
FORMATION OF AN Na+ GRADIENT IN BACTERIA BY PRIMARY SODIUM PUMPS Sodium Ion Transport Decarboxylases
The utilization of energy from decarboxylations to drive an active transport of Na+ ions is a new concept of biological energy conservation that was detected during studies of oxaloacetate decarboxylase of Klebsiel/a po(ei10ionoiiae induced for citrate fermentation (38) .
Citrate metabolism by bacteria. The facultative anaerobic bacteria K. pnelurnoniiae and Sal/monella t'ph/imi rium and many other species of the Enterobaoteriacea can grow aerobically or anaerobically, utilizing citrate as the sole carbon source. E. coli. on the other hand, cannot utilize citrate as a sole source of carbon and energy (108) . This inability of E. coli to grow on citrate is widely used as a characteristic for bacterial diagnostics (136) . The failure of E. coli to degrade exogenous citrate under aerobic conditions can be attributed to its lack of a citrate transport system: the cells contain the enzymes of the tricarboxylic acid cycle that degrade citrate (123) . A number of investigators have isolated citrate-positive E. coli strains; the Cit' phenotype can be attributed to plasmids that encode citrate transport (90, 91. 165, 181) . Sequence homologies were found among different Cit + plasmids (92, 169) and between plasmids and the DNA of several enterobacterial species that are phenotypically Citt (85) . In addition, a complex chromosomal mutation enabling citrate utilization in E. coli was isolated and characterized (69) . It was proposed that a silent citrate transport gene became activated by the mutation (69) .
The barrier to expression of the proteins requii-ed for citrate transport is also overcome under anaerobic conditions when E. (/li metabolizes exogenous citrate if a second growth substrate, e.g., glucose, is present (128) . Such cells contain large amounts of citrate-lyase by which citrate is cleaved to acetate and oxaloacetate (31, 34, 213) . The latter is subsequenitly reduced to succinate by reducing equivalents provided by the cosubstrate (128) . IThis reduction is accompanied by energy conservation at the fuLmarate reductase step (109) . Proteuis rettgeri also conserves energy by this mechanism, but it uses a modified pathway for the anaerobic breakdown of citrate, in which the reducing power for converting oxaloacetate to succinate is obtained by oxidizing some citrate via the oxidative branch of the tricarboxylic acid cycle (110) , including the step catalyzed by 2-oxoglutarate dehydrogenase. Since the expression ot this enzyme is repressed in E. coli under anaerobic conditions (2), a cosubstrate is required by this bacterium to provide reducing power for succinate formation from citrate (128) . FIG . 1. Summary of systems performing energy Coupling by sodium circulation in bacteria. Sodium transport decarboxylases and Na+-coupled ATP synthase exist in anaierobic bacteria. a respiratory Na' pump occurs in marine organisms, Na1+-driven flagellar motors were found in marine and alkalophilic species. and Na + /H + antiport and Nat -symport systems are widely distributed. (17, 31. 154, 155) . These bacteria lack a membrane-bound fumarate reductase and thus lack the enzymatic equipment to conserve energy by electron transport-linked phosphorylation. Instead, the oxaloacetate produced by citrate-lyase is deccarboxylated to pyruvate (31, 184) , which is subsequently split to acetyl-CoA and formate by pyruvate formate-lyase. Acetyl-CoA is converted to acetyl phosphate from which ATP is formed by substrate-level phosphorylation (Fig. 2) (38, 43) . Upon oxaloacetate addition, the internal Na+ concentration increased rapidly. This was followed by a slower efflux after the oxaloacetate had been completely decarboxylated by the highly active decarboxylase in these vesicles. Whether the efflux occurs through leaks in the membrane or through another porter is unknown. The free energy of a decarboxylation reaction is used to drive an active transport of Na+ ions, a completely unexpected and new type of conversion of chemical energy which exists in addition to the well-known energy conservation mechanisms of electron transport and substrate-level phosphorylation (193) .
It should be emphasized that all living cells use the free energy otf decarboxylation reactions to drive certain otherwise unfavorable biosynthetic reactions. Prominent examples are the biosyntheses of fatty acids, phosphoenolpyruvate, sphingosine and &a-aminolevulinate which are driven by the decarboxylation of malonyl-CoA, oxaloacetate, serine, and glycine. respectively. However, the conversion of decarboxylation energy into another energy source (AiNa') by an oxaloacetate decarboxylase Na+ pump is quite different from the decarboxylation-derived promotion of the biosynthetic reactions listed above.
If the physiological function of oxaloacetate decarboxylase in intact cells is catalysis of an export of Na+ ions, decarboxylase with an inverted orientation in the membrane should catalyze Na+ uptake. A predominantly inverted orientation of E. (.oli vesicles prepared with a French press has been reported (62) . The orientation of oxaloacetate decarboxylase in French press vesicles from K. pneinmoniae was inferred from the amount of catalytic activity which could be blocked by avidin treatment. Inhibitable enzyme molecules should have the biotin prosthetic group facing the outside, an inverted orientation compared with that in whole cells. By this method it was found that about 55% of the total oxaloacetate decarboxvlise in the vesicles was in the in- (41) . By blocking the outwardly oriented decarboxylase molecules with avidin, the Na+ pump activity was simultaneously abolished, whereas avidin that had been pretreated with an excess of biotin was without effect (43) . The kinetics of and the effect of inhibitors and ionophores on Na+ transport have been studied in some detail. A characteristic feature of the process is the low degree of its coupling to decarboxylation; in the uninhibited system only about 7 nmol of Na+ was transported into vesicles by decarboxylation of 480 nmol of oxaloacetate (43) . The rate of Na+ uptake decreased in parallel with reducing the rate of oxaloacetate decarboxylation caused by slow generation of oxaloacetate enzymatically, lowering the temperature, or inhibiting the decarboxylase with oxalate (43) . However, as the rate decreased, the efficiency of the Na+ pump increased considerably: the internal Na+ concentrations generated by retarding transport increased two-to fourfold and the duration of transport increased from <1 min to 15 min. During this time the steady-state concentration of internal Na+ was constant; thus, Na' efflux was compensated by active influx.
When valinomycin and K+ were present, about twice as much Na+ was accumulated in the vesicles even under conditions of fast oxaloacetate decarboxylation (40, 43) . These results are consistent with the operation of an electrogenic Na+ transport which creates an inside-positive membrane potential and limits Na+ uptake. Assuming an electrical capacitance of the membrane of 1 ,uF/cm2 (141), a spherical shape of the vesicles with a diameter of 120 nm (163) , and a ratio of 1.1-pLI internal volume per mg of membrane protein (43) , the transport of 5-pmol charges per mg of membrane protein will change the membrane potential by 1 mV. To build up the experimentally observed membrane potential of 65 mV (43) would require transport of 0.32-nmol charges per mg of membrane protein, which would be the upper limit of Na+ concentration obtainable without charge balancing. This concentration is well below the experimentally determined value of about 1 nmol/mg in the nonretarded system (Fig. 3) ; the discrepancy indicates the significance of the membrane potential as a barrier to the uptake of Na+ ions. The amount of Na+ uptake, therefore, increased when the membrane potential was discharged, e.g., with valinomycin and K+ (43) . Similarly, it has been shown that, by retarding the decarboxylation rate, secondary ion fluxes dissipate the membrane potential before the substrate is completely consumed, thus accounting for the observed increase of Na+ uptake (43) . As expected, no Na' gradient was developed in the presence of the Na+-carrying ionophore monensin or nigericin, whereas the proton ionophore trifluoromethoxycarbonylcyanide p-phenylhydrazone was without effect on the kinetics of Na' uptake into bacterial vesicles. The pumping of Na+ by oxaloacetate decarboxylase is, therefore, a primary event, not a secondary event mediated by an Na+/H+ antiporter.
The magnitude of the membrane potential generated by the Na+-pumping oxaloacetate decarboxylase has been determined from the distribution of the lipophilic anion r14C]SCN-between interior and exterior vesicular spaces (43) . At 0°C and a high concentration of oxaloacetate (which enabled the pump to operate for >20 min), a membrane potential of 65 [154] ). whereas growth on glucose, glycerol, or t--malate was Na' independent. Since citrate degr-adation can proceed aerobically via the tricarboxylic acid cycle (for which Na -is not required), the Na+ requirement might reflect a necessity to activate the Na+-pumping oxaloacetate decarboxylase which might have an essential function in these bacteria, or Na+ might be required for citrate transport. Citrate transport into aerobically grown Salmonella typhimnurium is in fact stimulated by Na-(100). A Naindependent citrate transport system which is expressed in K. puemunoniae during aerobic growth on citrate (49) may therefore be lacking in Salmonell(a tvphimurium.
Methylmalonyl-CoA decarboxylase. Methylmalonyl-CoA decarboxylase, another Na+-transporting decarboxylase (79) , was detected in the strictly anaerobic bacterium V. alcalescens (63, 64) (Fig. 4) (64) . The fermentation of lactate by propionibacteria also involves the degradation of succinate to propionate. In contrast to V. aIcale.vcens, these bacteria possess a transcarboxylase (221) another type of coupling has been developed in this bacterium: the free energy of methylmalonyl-CoA decarboxylation is converted into an Na+ gradient (79) .
Initial studies on impure methylmalonyl-CoA decarboxylase showed that the activity was inhibited by avidin (63, 64) . The decarboxylase was bound to particles that initially were assumed to be ribosomes (63, 64 (22, 219) . By this pathway, glutamate is converted via oxoglutarate to 2-hydroxyglutarate. Then, 2-hydroxyglutaryl-CoA is formed, which is dehydrated to glutaconyl-CoA by a complex reaction mechanism involving radicals (177): it is not chemically feasible to remove a hydroxyl ion from the carbon adjacent to the thioester group by an ionic mechanism. A similar reaction, probably also occurring by a radical mechanism, is the dehydration of lactyl-CoA to acrylyl-CoA in alanine fermentation by C. pr-opionicutin (117, 176) . The glutaconyl-CoA is decarboxylated to crotonyl-CoA, which dismutates to yield butyrate and acetate, thereby generating ATP by substrate-level phosphorylation (22, 219 (24, 25) . The dependence of glutaconyl-CoA decarboxylase activity on the presence of Na' explains the previously observed requirement for this ion for glutamate fermentation by Peptostreptococciis asac,-charolyticius (212) . Another Na' -dependent step in the same organism may be the uptake of glutamate into the cells. In E.
co/i, a cotransport of glutamate with Na' and H'+ions has been demonstrated (58-60, 73, 130 (219) .
Purification and molecular properties of sodium transport decarboxylases. The purification of the various biotindependent sodium ion transport decarboxylases has been accomplished by very similar protocols (20, 42, 46, 82) . The bacteria were disrupted with a French pressure cell, the membranes were isolated by high-speed centrifugation, and the enzyme was solubilized with a nonionic detergent, usually Triton X-100, in the presence of a high salt concentration (usually 0.5 M NaCI). The membrane extract was then applied to a monomeric avidin-Sepharose affinity column, and after contaminating proteins had been washed off the column, the decarboxylase was eluted with a biotincontaining buffer. The enzyme samples thus obtained were of high purity.
The subunit composition of the decarboxylases has been determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The patterns obtained for oxaloacetate decarboxylase and methylmalonyl-CoA decarboxylase (Fig. 5 ) (48, 80) indicate that these enzymes consist of three or four different subunits. The molecular weights of the polypeptides of all sodium transport decarboxylases analyzed are summarized in Table 3 . Several homologies between these enzymes are apparent: all have one subunit in the range of Mr 60,000 to 65,000 and another in the range Of Mr 33,000 to 35,000. In oxaloacetate and methylmalonyl-CoA decarboxylases a small subunit of Mr 10,500 to 14,000 has been observed consistently. In glutaconyl-CoA decarboxylase a polypeptide of similar size was found only occasionally, and the question has therefore been raised as to whether the small subunit is a proteolytic artifact (23) . In the case of oxaloacetate and methylmalonyl-CoA decarboxylases, the questionable polypeptide would have to be formed prior to the affinity chromatography because the pattern of subunits of the pure enzymes was not significantly affected by storage. The small subunit does not contain biotin and therefore must have an affinity to another decarboxylase subunit to be retained on the column. Furthermore, tryptic hydrolysis of methylmalonyl-CoA decarboxylase yielded a number of small polypeptides but no specific cleavage to one with the molecular mass of the y-chain (unpublished results). Finally, upon reconstitution of methylmalonyl-CoA decarboxylase, all four subunits including the y-chain were incorporated into liposomes (81) . From these observations it appears unlikely that the small subunit is an accidental contaminant, but final proof for its being a part of the decarboxylase probably requires elucidation of its function.
A marked difference among the various decarboxylases is the attachment site of the prosthetic group, biotin. In oxaloacetate decarboxylase it is bound to the large subunit (50), while methylmalonyl-CoA decarboxylase has a distinct biotin-containing subunit of small size (80) . Biotin carrier proteins of similar size were also found in glutaconyl-CoA decarboxylase of Peptostreptococcus aisaclczarolyticus and C. svmbiosi,m, whereas a group of very large polypeptides (Mr, 120,000 to 140,000) provided the biotin-containing subunits of A. Jfrmnentans (25) . It is remarkable that the sodium transport decarboxylases, which have three different substrate specificities and are found in bacteria that are not closely related phylogenetically, share a similar composition of a and f subunits. These subunits are therefore expected to perform analogous functions in the enzyme complexes and may have highly conserved primary structures.
As an approach to the elucidation of the primary structure of oxaloacetate decarboxylase, the gene encoding this enzyme was cloned (175 60 17, 20 (184) , one can assume that a regulaltory gene hCas been cloned as well (175) . It is possible that the genes encoding citratelyase and citrate transport are linked to the structur(al genes for oxalloacetate decarboxylase and that ran operonlike structure has been cloned (175) . Mechanism of decarboxylation reactions. During the decarboxylation of oxaloacetate (39) . glutaconyl-CoA (21), or methylmalonyl-CoA (unpublished results). the ster-eochemical configuration is retained. In this respect these reactions are the same as all other investigated reactions catalyzed by biotin enzymes (218) . All of the decarboxylases are completely inhibited by avidin and do not depend on a divalent metal ion, because ethylenediaminetetraacetic acid is without effect on them. The three decarboxylases are strongly activated by Na`ions, and oxaloacetate decarboxylase is completely inactive in the absence of Na -or Li ions (50) . The effect of Na+ concentrations on initial velocity followed normal saturation kinetics (K,,M. ;1.5 mM) (50) . Activation of oxaloacetate decarboxylase by Li -was less efficient (K,... Z25 mM; V, about 0.25 that in the presence of Na' ) (50).
The K,M,s of the other decarboxylases for Na'-were also in the range of 1 mM (24, 80) . Glutaconyl-CoA decarboxylase was also activated by Li' (K,,,, 100() mM) (24 (23) . The activities ot these carboxvltransferases were also independent of Na ions (unpublished results) (23) .
In viewAv ot the similarities in the subunit composition of the decarboxvlases. one could suspect that the weight-homologous polypeptides are functionally related. To determine the function of the subunits, the complexes were dissociated and the subunits were isolated in a catalytically active stalte. The a-chain was dissocicated from membranebound oxfaloacetate deccarhoxylase by freezing and thawing in the presenlce of 1 NI LiCl and purifie(i to homogeneity by avidin-Sepharose affinity chromatography (48) . The isolated cs-chain was a catalytically active carboxyltransferase. but did not exhibit any oxaloacetate decarboxylase activity (48) . (4) The question was answered by perfor-ming the decarboxylation reactions at temperatures below 15WC, where the equilibration between CO, and HC(, (equcation 5) becomes rate limiting.
CO, + H2O = H2COI = HCO<-+ H (5) When the pH of reaction mixtures containing oxIaloacetate decarboxylase or methylmalonyl-CoA decarboxylase was followed with a glass electrode, a large alkaline overshoot was observed (48, 80) . This over-shoot wvas completely The carboxybiotin enzyme decarboxylase activity must therefore be contained on the 13-or (1 + y)-subunit. The -y-chain alone is probably too small to act as a catalyst. The function of 1 + -y in the decarboxylation of the carboxybiotin enzyme was confirmed by restoring oxaloacetate decarboxylase activity from the isolated carboxyltransferase (ox) and the isolated 1-and -y-subunits (unpublished results). When glutaconyl-CoA decarboxylase was incubated with small concentrations of a primary alcohol, e.g., 2% 1-butanol, the decarboxylase activity was inactivated, but some carboxyltransferase activity survived (23) . Since the 1-chain was specifically precipitated by the alcohol, the carboxyltransferase activity must reside in the larger soluble subunits of Mr 60,000 and 120,000 (Table 3) . It is interesting that the inactivation of the 1-chain was inhibited by NaCI (23). Previously it had been shown that Nab specifically protected the 13-chains of all three decarboxylase complexes from tryptic hydrolysis (25, 48) . Thus, this subunit has a binding site for Na' which, when occupied, forces the protein into a more resistant conformation. This notion is also in accord with the function of the 1-chain in the Na'--dependent step of the catalysis, i.e.. the decarboxylation of the carboxybiotin enzyme. From the specific Na+ requirement of this reaction step, one can further conclude that the 13-chain is the protein that pumps Na+ ions. This function also correlates with the strong hydrophobicity of the 1-chain, a property characteristic of integral membrane proteins (23, 48 From a kinetic study of the reaction mechanism of oxaloacetate decarboxylase, it was concluded that the overall decarboxylation involves catalysis at two different and independent sites (50) . Site 1 catalyzes the carboxyl transfer from oxaloacetate to enzyme-bound biotin. The carboxybiotin moves to site 2, where a proton is added and CO, is released, if this site is occupied with Na+. The model derived from enzyme kinetics is thus in complete harmony with the results on subunit structure and function described above.
Reconstitution of Na+ transport. To investigate the Na4 transport activity of the decarboxylases, the purified enzymes were incorporated into liposomes by the detergent dilution method (162) , using octylglucoside. Proteoliposomes carrying out Na4 transport were prepared from soybean phospholipids and any one of the three decarboxylases under almost identical conditions (25, 40, 81) . The shape of the proteoliposomes was investigated by electron microscopy (168 The kinetics of oxaloacetate decarboxylation and Nauptake by reconstituted oxaloacetate decarboxvlase-containing proteoliposomes are shown in Fig. 9 (45) (39, 63) . To imitate the physiological situation in which the decarboxylations are coupled to Na+ transport, the reversibility has been studied, using oxaloacetate decarboxylase and methylmalonyl-CoA decarboxylase reconstituted into proteoliposomes. According to equation 6 . the reversibility could be measured by the isotopic exchange between t4CO, and the carboxylated substrate (R-COO ).
R-COO-+ 2 Na+,ot + H 4 = RH + CO, + 2 Na+In (6) Proteoliposomes containing oxaloacetate decarboxylase catalyzed a "4CO2-oxaloacetate exchange and methylmalonylCoA decarboxylase containing proteoliposomes catalyzed a 14CO2-malonyl-CoA exchange (47) . These exchange reactions must be completely dependent on the Na' ion gradients established during decarboxylation of part of the substrates because no exchange took place in the presence of monensin, which abolished the gradient. Net carboxylation of acetyl-CoA to malonyl-CoA was observed when a large inwardly directed Na+ concentration gradient was applied to methylmalonyl-CoA decarboxylase-containing proteoliposomes; none was observed in the absence of a Na+ gradient.
A transcarboxylase system was constructed by reconstituting oxaloacetate decarboxylase and methylmalonyl-CoA decarboxylase into the same liposomes (47) . The Na+ gradient developed by one of the enzymes functioning as decarboxylase could be used by the other enzyme to drive the carboxylation of its decarboxylated substrate (Fig. 10) Vibrio alginolwticus growing at alkaline pH was highly resistant to CCCP (202) . This behavior was used by Tokuda (195) to select for CCCP-sensitive mutants that were found to lack the Na+ pump activity. At neutral pH the mutants, like the wild type, generate Ai4 and ApH by respiratory proton pumping and form ApNat by the Na+/H + antiporter.
Membrane energization in these cells is, therefore, prevented by CCCP. The site of mutation was shown to be in a segment of the respiratory chain between NADH and quinol (203) . The NADH oxidase in wild-type cells and spontaneous revertants required Nat and was inhibited by 2-heptyl-4-hydroxyquinoline-N-oxide (HQNO), but the NADH oxidase in the mutants was independent of Nat and unaffected by HQNO (203) . The function of NADH oxidase as an Na+ pump was directly demonstrated by Na+ accumulation in inverted bacterial vesicles and reconstituted proteoliposomes during NADH oxidation. Inhibition of NADH oxidase with HQNO prevented the accumulation of Na+ (196, 199) .
The Na+-dependent site in NADH oxidation was shown to be the reduction of quinone to quinol, and this step was also shown to be the site for HQNO inhibition (203, 208 (75) . Importantly, the NADH dehydrogenase was Nat and HQNO insensitive. The Nadependent site in this system, therefore, appears to be the reduction of the semiquinone to quinol, which was suggested to be catalyzed by a dismutase that may function as the sodium pump (75) (Fig. 11) .
VOL. 51, 1987 on November 2, 2017 by guest http://mmbr.asm.org/ Downloaded from 330 DIMROTH Similar Na+-motive NADH oxidases have been found in several other marine bacteria, e.g., Vibrio (osticola (202, 207) , Vibiio parahlaemnolyticus (205) , and the halotolerant bacterium Ba1 from the Dead Sea (101) (102) (103) . The respiratory sodium pump may therefore be a general system for bacteria living in Na+-rich environments. Avi-Dor and co-workers (101, 102) performed a detailed study on the respiratory sodium pump of Ba1 with the result that the mechanism of coupling Na+ transport to the respiratory chain appears to be very similar to that in Vibr-io alginolvticus. although these two organisms are phylogenetically distinct. Sodium ions accelerated NADH oxidation by inverted membrane vesicles of Ba1, the site of Na+ action being the reduction of quinone to quinol. Results from electron-spin resonance spectroscopy indicated a signal tentatively identified as originating from semiquinone which increased on addition of NADH and decreased on addition of Na+, as would be expected if Na+ effected the semiquinone reduction (101) as proposed from different kinds of evidence for the Vib)io alginlolyticus system (75) .
A tentative mechanism of the respiratory Na+ pump of marine bacteria (Fig. 11) involves two distinct steps: the Na+-independent formation of the energy-rich semiquinone intermediate and its Na+-dependent dismutation to quinol and quinone. The latter is the energy-releasing step and the one in which Na+ translocation probably takes place. The overall construction of the respiratory Na pump is, therefore, similar to the Na+ transport decarboxylases and transport ATPases in that first a high-energy, enzyme-bound intermediate is formed in a reaction that is independent of the transported ion. Then (49, 96, 215) . The most prominent difference between these systems is a specific requirement for Na+ or Li' by the anaerobic citrate transport system. Neither of these ions is essential for the aerobic system (49) . The potential of K. pnellnolliae to express different citrate uptake systems is in accord with molecular genetic studies from which the existence of at least three different citrate transport proteins has been postulated (175) . There are apparent strain variations within the K. pnelunoniae group because citrate uptake by some strains was reported to be potassium dependent (53) . Multiple citrate transport systems with different requirements for Na+ and K' also exist in Salmonella tv'phiilnriiun (4, 100) . In at least one of these, a periplasmic binding protein is involved; this protein has been isolated (190) . The binding of citrate to this protein was enhanced by Na`t and slightly inhibited by Mg2', Zn>, or Co' (191) . Another variation of citrate uptake was found in Bacillus suibtilis;
here the tricarboxylic acid is cotransported with a divalent metal ion, e.g., Mg2+ (11, 216) , and probably protons (11).
Thus, there exists a great diversity of citrate uptake systems in bacteria, Na+-dependent citrate transport being a rather rare case, probably restricted to organisms containing a decarboxylase Na+ pump. The energetic requirements of the anaerobic citrate transport system of K. pnielutmtoniiae have been studied with whole cells and vesicles (49, 96) . In addition to the dependence on Na+, citrate accumulation was also dependent on both components of the proton motive force, Aip and ApH (49) . Citrate uptake, therefore, appears to be an electrogenic process, which implies that the tricarboxylate must enter the cell in symport with at least four positive charges. Based on several lines of evidence (49) , these cotransported ions are probably Na+ and H+. These cations must be exported again to complete the cycle, which poses a severe bioenergetic problem for growth under anaerobic conditions in which only 1 mol of ATP is obtained per mol of citrate catabolized (cf. Fig. 2 ). This yield of ATP would not even be sufficient to recycle the protons and metal ions taken up with citrate assuming the following stoichiometries: (H' + Me+):citrate = 4: (H' ++ Me+):ATP = 3. A model for citrate transport and the recycling of the symported cations by an ATP-independent mechanism that we have recently proposed (49) is shown in Fig. 12 . Since oxaloacetate decarboxylase pumps two Na' ions out of the cell, two Na+ ions could be taken up together with citrate. The two protons that then must be cotransported could leave the cell with an extrusion of the metabolic end products acetate, formate, and bicarbonate in their protonated form. This mechanism accounts for the proton recycling and generation of ApH, at the expense of the chemical gradients of end products; ApH could drive citrate accumulation (49) .
Konings and co-workers (138) were the first to propose that fermenting organisms may conserve energy by taking advantage of their large amounts of metabolic end products. If an end product such as lactate is exported by a carriermediated symport with two protons, an electrochemical proton gradient would form at the expense of the lactate gradient, the mechanism being an inverse of H+-coupled solute uptake. This hypothesis was experimentally verified when deenergized cells of S. cremoniis were shown to accumulate leucine in response to an efflux of lactate (158 utilization of this energy source was also demonstrated by a considerable increase of the molar growth yield of S. cremoris growing on lactose at low external lactate concentrations (157) .
The above considerations of ion movements in K. pneumoniae may suggest why decarboxylation-dependent energy-converting systems use Na+ and not H+ as the coupling ion (49) . If in K. pneumoniae an H + gradient were formed by oxaloacetate decarboxylation, it would counteract the extrusion of fermentation products symported with protons with the consequence of forming high, possibly intolerable, internal concentrations of these acids. It is possible that under such conditions extrusion of fermentation products would proceed uncoupled from proton extrusion; it would then not contribute to ApH generation. A decarboxylase pumping H+ instead of Na+ would thus lead to a diminution of the total energy conserved.
A few other transport systems that are coupled to Na+ ions have been characterized in enterobacteria. Glutamate transport in E. coli was shown to be stimulated by Na+; Na+ increased the affinity for the substrate (58) . Based on the observation that glutamate was accumulated with an imposed Na+ gradient, a glutamate/Na+ symport mechanism was proposed (73, 130) . Since ApNa+ as well as ApH provided a driving force for the transport, the model was extended by postulating that glutamate transport occurred by syn-coupling with Na+ and H+ (59) . This would be very similar to our proposed mechanism of citrate transport by K. pneumoniae (49) . Further insight into the mechanism of glutamate transport was obtained by binding studies showing that glutamate binding to the carrier occurs only if it is loaded with Na+ and H+ ions (60) . Proline transport has been generally considered to be energized by a proton symport mechanism, but recently it was recognized that the major proline uptake systems of E. coli and Salmonella typhimurium are coupled to a cotransport with Na+ ions (26, 29, 185) . Among the various mechanisms for sugar transport in bacteria, an Na+-coupled transport exists in the melibiose uptake system of E. coli and Salmonella typhimuriim (186, 197, 204, 206) . The melibiose carrier of E. coli has unique cation coupling properties. This system is capable of using H+, Na+, and Li+ as coupling cations depending on the particular sugar being transported (149, 206) . It was shown by binding studies that Na+ (or Li') ions selectively increased the apparent affinity of the porter for galactosides whereas protons apparently competitively inhibited this Na+ activation (32) . A two-branch model was proposed in which the carrier is first loaded with either Na+ or H+, after which the ternary complex with the substrate is formed and translocation takes place (32) . It is interesting that the ability of H+-coupled melibiose uptake could be impaired by a simple point mutation that causes the transport to be re-VOL. 51, 1987 on November 2, 2017 by guest http://mmbr.asm.org/ Downloaded from 332 DIMROTH stricted to symport with Na+ or Li' (149) . More recently. the ini1B gene which codes for the melibiose carrier in E. coli has been cloned (71) and sequenced (222). Insight on the molecular level into the interesting phenomenon of coupling to various cations can now be anticipated. An alanine carrier that is composed of a single polypeptide. M, 425()). was isolated from the thermophilic bacterium PS3 (84) . This protein is another example of carrying out an active transport driven by an electrochemical potential difference of either protons or sodium ions. P.selom0 nto( acruginosa (88) and B. sivhtilis (118) , bacteria that occur in Na --poor environment, also contain sodium-dependent transport systems for single amino acids.
Bacteria from Na+-rich habitats use symport with Na+ ions as the predominant or exclusive mechanism for amino acid uptake (119). Lanyi et al. (121) aind MacDonald et al. (129) have studied amino acid transport by H. ialohiluml. Using envelope vesicles, they demonstrated that the driving force for transport is an electrochemical gradient of Na+ ions. An Na+-dependent transport of a variety of amino acids is also a well-established feeature in the marine bacteria Alteromonal.
I halopl(ltiis (56. 131, 151, 182, 183, 194) , Vibrio costicola (70) , and Vibr-io ilginolv'ytiicit (198, 201) . In the latter organism evidence for Na+-sucrose symport has also been obtained (98) . This predominance of Nat cotransport systems is shared by the obligate alkalophiles. Thus, transports of malate, a-aminoisobutyrate, glutamate, and several other amino acids were all found to be Na+ dependent (13, 68, 113) . Mutants of B. tilcilophlihis and B.
firmus have been isolated that were unable to grow at alkaline pH. because they suffered a defect in the Na+/H+ antiporter, and thereby the pH homeostasis mechanism was impaired (67, 68. 116, 124) . Also, the Na' coupling for several solutes was pleiotropically lost, and H' served instead as the coupling ion for these symport systems. A similar mutant of E. coli was described by Zilberstein et al. (225) with defects in three different Na--coupled transport systems: NaT+/H' antiport. Na'-/glutamate symport, and Na+/melibiose symport. The existence of mutants with a pleiotropic defect of several Na -coupled por-ters suggests that a common gene is responsible for the function of these systems. This gene could either code for a common Na+-translocating subunit (68) or, more likely (115) . have a regulatory function.
In summary, the Na4-coupled symporters of bacteria can be divided into three groups. In the first group, represented by glutamate uptake in E. coli and citrate transport in K.
pnielumoiotii(ie both Na and H + are symported with the solute. In the second, represented by the melibiose carrier of E. coli and various permeases of alkalophiles, the transport can be coupled to either Na-+ or H' ions, and by a simple mutation the recognition of the carrier for one of these cations can be impaired. Examples of the third group are the major proline transport systems of E. coli and Sal/monella tv,phimnurium which exclusively use Na-as coupling ion.
Wilson and Maloney (217) have speculated that during evolution the proton currency for membrane energy transductions, being the most primitive form, has changed to the Na+ energetics of the plasma membranes of animal cells. It was proposed that the melibiose carrier might be a descendent of a transport protein that appeared during the period of transition between H' and Na' membrane economies (217) . This idea can be extended to other groups of the Na+-coupled symporters in bacteria which may represent different stages in the evolution from H to Na+ bioenergetics. Na+/H+ antiport. Another important Na+ transport system of bacteria is the Na /H+ antiporter (111, 119, 211 (14, 159) . especially in the obligate alkalophiles that live in environments of pH 9 to 11 and maintain a cytoplasmic pH of <9.5 (113) . In accord with this notion, growth of B. firmus on glucose required Nait at a medium pH of >9.7 (114) . Krulwich (137) . Thus, acidification of the cytoplasm at alkaline environmental pH is strictly Na+ dependent, suggesting that the Na+/H+ antiporter is responsible for pH homeostasis. Accordingly, the defect in nonalkalophilic mutant strains which were unable to grow at a pH of >9.0, could be attributed to the Na+/H + exchange activity (67, 116) . The driving force for antiport activity was contributed by the membrane potential, which might indicate that the Na+-H' exchange is electrogenic with H+ > Na' (65) . Important for the function of the Na+/H + exchanger in pH homeostasis is a striking effect of internal pH on antiport activity which increased about 10-fold from pH 7 to 10 (65). The importance of Na+ for pH homeostasis in alkalophiles was further demonstrated by the improved acidification of the cytoplasm in the presence of a solute that is symported with Na+ (112) . A sodium entry route is thus provided and the Na' cycle is closed. In some species of the alkalophiles. in which a dependence on Na for growth and acidification of the cytoplasm could not be directly demonstrated, the affinity of the antiporter for Na' was unusually high: thus, the unavoidable contaminating Na + concentration might be sufficient for these functions (114) .
The exact role of the Na /H+ exchanger for pH homeostasis in neutrophilic bacteria is a matter of debate (14, 159, 224) . Such a function could be predicted from recent findings of Bassilana et al. (6) that the activity of the antiporter is regulated by the cytosolic pH. but from other work it was suggested that a K+/H+ antiporter is involved in regulating cytosolic pH in E. coli (18) or Vibrio adginolyticus (147) . The other important function of the Na+/H antiporter, i.e., generation of an Na'-gradient for symport processes, however, is not disputed for most bacterial cells because, with the exception of some species which contain a primary Na' pump, bacteria need the antiporter for A,iNa' generation. Especially for halobacteria, which perform most of their solute uptake as cotransport with Na+, the generation of an Na gradient is a critical event (119) . An Na+/H+ antiporter is well documented in H. halobiiiumi which uses A-H' established by bacteriorhodopsin as the driving force for Nai extrusion (120) (121) (122) . In salty environments (e.g., 4 M NaCl) large movements of Na+ are necessary to create a significant concentration gradient (the internal Na+ concentration is maintained between 0.3 and 2 M), and for the same reasons the Nai gradient provides a klrge ener-gy reservoil-2 Na+ (2+n) NaC for the cells (19) . The mechanism of the antiporter of H. halobium was found to be an electrogenic exchange with an H+ :Na+ stoichiometry of 2:1, which means that the driving force for Na+ export can be provided by z\pH and Az4 (122) . The electrogenic mechanism is especially advantageous at alkaline pH when ApH is zero or negative and an uphill extrusion of Na+ is only possible by coupling to A+l. Another example of an electrogenic Na+/H+ antiporter exists in E. coli (6) (7) (8) 174 (66, 132) . For optimal rotation of these motors rather large AIH+ values (-80 to -100 mV) are required (104, 135) . Since alkalophilic bacteria have to acidify the cytoplasm, their proton motive force is low, especially at pH 10 to 11 (67) , where at least some alkalophilic Bacillus strains are highly motile (86) . The bioenergetic problem was solved by Imae's group (86, 87, 189) when these investigators showed that motility was coupled to the electrochemical Na+ gradient like many solute transport systems in these bacteria. The motility of alkalophilic Bacillus sp. strain YN-1 at pH 9 was strictly dependent on Na+, and the swimming speed increased at increasing Na+ concentrations until a plateau was reached at about 100 mM NaCl (86, 87) . The energy for flagellar motion was provided by both membrane potential and Na+ concentration gradient, and a threshold value for motility was found at a AjiNa' of about -100 mV (86).
The motility of B. firmus (106) and Vibrio alginolyticus (30, 36) was also dependent on the presence of sodium ions. Swimming of Vibrio alginolyticus required an Na+ concentration gradient and is most probably powered by the respiratory Na+ pump contained in this organism (30, 36) .
Na+-Coupled ATP Synthesis and Alkali Ion-Translocating ATPases The first indication of an Na+-coupled ATP synthesis was obtained in the strictly anaerobic bacterium P. modestlum (83 (Fig. 13) . The membrane vesicles thus catalyzed both monensin-sensitive ATP synthesis by malonyl-CoA decarboxylation and acetyl-CoA carboxylation by ATP hydrolysis. The rates of these transport-coupled syntheses and the rates of Na+ transport were low in comparison to the rates of ATP hydrolysis or malonyl-CoA decarboxylation. The bacterial membrane system is thus highly uncoupled and not well suited to study these Na+ ion gradient-coupled processes. More recently, the ATP synthase has been isolated and incorporated into liposomes with reconstitution of ATPdependent Na+ accumulation. This was not inhibited, but rather stimulated by CCCP; thus, functioning of the ATP synthase as a primary Na+ pump is firmly established (97) . In summary, evidence from quite distinct organisms indicates a great diversity of iontranslocating ATPases in bacteria. In addition to H+ translocation, bacterUial ATPases can perform Nat or K' movements and possibly the exchange of Na for K+ Some Related Observations Several other bacteria require Na+ for special functions, but the exact role of Na`in these cells is only beginning to emerge. In the cyanobacterium Svuechoco ccus leopoliensis Na+ not only was required for pH homeostasis at alkaline external pH, but also had some function in cell division (139) . The cells were able to photosynthesize normally at pH 6.8 in an Na4-free medium, but were unable to divide and thus enlarged to about twice their normal size (139) . In Anuhuanu uriuahilis, another cyanobacterium, Nat addition markedly increased the rate of photosynthesis, and it was proposed that the Na ' affected the transport of bicarbonate into the cells (99) . Growth and methane formation from CO, in Met/hatiob(acteriumn t/herinouutotrop/hicumn was dependent on the presence of low concentrations of Na' (160) , and Na+ also stimulated methane formation in several other species of methanobacteria (161) . The Na+-dependent step in methane formaltion from methanol by Methanosarcinu barkeri was shown to be the oxidation of methanol to the oxidation level of formaldehyde (12) . In this organism, Nat was not required for-methane formation from methanol plus H, or methanol plus formaldehyde; neither was it required for the synthesis of ATlP (12) . In contrast. ATP synthesis in Metihnoubateriiur1 tluo(ulltotroplii(utn induced by an artificially genera ted nmemnbra-ne potential was greatly stimu-lated by Na+ (173) . The mechanism of Na+ action in ATP synthesis, however, is not clear, because no Na+-stimulated ATPase was detectable (172) . The presence of an Na+/H+ antiporter in Methanobacteriunm tlierrnioalitotropliiciiti has been reported (172) . In Methanococcusvltoae, ATP synthesis driven by a potassium diffusion potential was also Na dependent and an Na+ gradient alone was sufficient to drive ATP synthesis in the presence of tetraphenylborate (28) . However, since the amount of ATP synthesized was low and since the results were obtained with whole cells, the existence of an Na+-translocating ATPase in Methanococcius loltae is dubious. The exact role of Na+ in ATP synthesis by methanogenic bacteria therefore remains to be determined.
Sodium and potassium ion gradients also serve as important energy reservoirs of bacterial cells (51, 178, 210) . The first indication for this type of energy storage mechanism came from studies on H. hllobhiirn cells in which the capacity of the alkali ion gradients is at its maximum. During illumination of H. h/lobiimin K+ ions were accumulated in the cytoplasm in response to the membrane potential created by bacteriorhodopsin, and Na+ ions were extruded by the Na+/H+ antiporter (210) . During the dark period these reactions were reversed, and by the continuous regeneration of AP4 due to electrogenic KS efflux the ATP level was stabilized (210) . By measuring motility, A4i, or ATP levels, as an expression of the proton motive force, it was subsequently found that different bacteria were able to use Na+ and K + gradients for z.tH ± generation after other energy sources were exhausted (19) . These interconversions of an electrochemical H' gradient and alkali ion gradients provide a means of greatly increasing the energy storage capacity of a bacterial cell (19, 178, 210) . The amount of energy that can be stored in the form of A -H + alone is low due to limitations in the electrical capacity of the membrane and due to the narrow tolerance of cytoplasmic pH values for viability. The monovalent metal ion gradients thus serve the function of a AJH+ buffer, the capacity of which is proportional to the content of the alkali ions in the environment. The greatest amount of energy could thus be stored in H. hal/obiuiwsn the smallest capacity was observed in the freshwater cyanobacterium Phioimidiirn uncinatiin from Lake Baikal (19) .
CONCLUDING REMARKS
A large body of evidence has accumulated during the last decade that proton circuits, although of major importance, are not unique in the bioenergetics of bacteria. It is now clear that the coupling mechanisms are more diverse than originally anticipated, specifically accommodated to the physiological situation of the bacteria with respect to metabolism and habitat. Sodium ions have been recognized as the principal additional coupling ions that mediate exergonic and endergonic reactions in the membrane. Some bacteria perform all of their membrane bioenergetic tasks with proton cycles, others have sodium cycles in addition, and still others may perform all of their work by Na' cycling. Several advantages of using Na+ cycling in addition to or instead of H' cycling can be anticipated. (i) Na+ is a better coupling ion at alkaline pH at which the proton gradient is reversed to protect cellular components from denaturation.
(ii) Na+ gradients have a much higher energy storage capacity than proton gradients, at least in marine and halophilic bacteria. (iii) By adding an Na+ cycle to a proton cycle, an important control element can be introduced. An example may be H. hl/ohiioin in which the Na'-coupled symporters only work at a significant rate above a certain level of A1iH + due to the gating of the Na+/H+ antiporter, whereas H'-coupled ATP synthesis can still be operating reasonably well. (iv) Fermenting organisms with H+-coupled extrusion systems for metabolic end products will create ApH by this mechanism. In the presence of an existing H + gradient generated by a proton pump, end-product extrusion may proceed without energy conservation; an Na4 pump, however, would not interfere. Thus, an improved energy economy under certain conditions and the advantages of a more sophisticated control of different bioenergetic reactions may have led to the development of sodium bioenergetics in addition to proton bioenergetics during evolution.
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